The first genome sequence of an intracellular bacterial symbiont of a eukaryotic cell has been determined. The Buchnera genome shares features with the genomes of both intracellular pathogenic bacteria and eukaryotic organelles, and it may represent an intermediate between the two.
The constant supply of nutrients in the cytosol of a eukaryotic cell must be a dream for any bacterium that is accustomed to struggling in the 'real' world. Of course, the dream is too good to be true, and most bacteria die by the attack of various defence mechanisms long before they reach the cytoplasm of a host cell. When we think of intracellular bacteria, we tend to think of nasty bugs like Chlamydia and Rickettsia, causing sickness and sometimes death for humans. But there are bacteria that have taken the intracellular lifestyle one step further: they become symbionts. The complete genome sequence of such a bug has recently been determined by groups at the University of Tokyo and RIKEN Genomic Sciences Centre in Japan [1] . The decoding of the 640,681 base pairs of DNA that make up the genome of Buchnera sp. APS, the symbiont of pea aphids, allows us to make interesting comparative studies of genome reduction in bacteria. This symbiont, contrary to what we have learned from intracellular parasites, has a highly stable genome, both with respect to gene order and gene content. Not surprisingly, in several aspects Buchnera resembles an organelle more than a bacterium.
Buchnera sp. APS is found in huge cells that are known as bacteriocytes in the pea aphid Acyrthosiphon pisum. The symbiont supplies its host with essential amino acids, and in return it is offered a stable and nutrient-rich environment. Phylogenetic studies indicate that this relationship has been mutually beneficial and highly stable for about 200-250 million years; Buchnera and aphids have co-evolved without any exchange in bacterial populations between aphid species [2] . This close association for a long evolutionary time makes Buchnera a very interesting subject for studies of comparative genome evolution between intracellular parasites and symbionts ( Figure 1 ).
Genomes of both free-living and obligate intracellular pathogens show up to a two-fold heterogeneity of genome size within a single genus [3] . Indeed, the presence of pseudogenes in obligate intracellular parasites, such as Mycobacterium leprae and Rickettsia, indicates that they have very dynamic genomes with rampant gene loss [4, 5] . In contrast, the genome size range within Buchnera strains is less than 3%, even though the sequence divergence is greater than for the pathogenic genera. This suggests stability over evolutionary time, with a limited amount of inflow and outflow of genetic material in the Buchnera lineage [3] . For that reason, the eight chromosomally encoded pseudogenes that are annotated as such in the Buchnera genome were unexpected [1] .
Peculiarly, all of the Buchnera pseudogenes have one, and only one, -1 frameshift within the gene; otherwise they seem to be perfectly conserved. Seven of the pseudogenes have stretches of nine or more A nucleotides in the region of the frameshift, and the eighth has 10 T nucleotides in the region. I suggest that these genes are actually transcribed and translated into functional proteins through translational frameshifting and/or transcriptional slippage, as is known to occur at stretches of As in other species [6] . If my prediction proves true, then the Buchnera genome has only a single, plasmid-encoded pseudogene, which is in agreement with a picture of stable genome architecture within the genus.
Perhaps the most unexpected observation when whole genome sequences from microbes started to accumulate half a decade ago was that, on average, one quarter of the genes in each genome is unique, with no homologs in the public databases. For example, Haemophilus influenzae, a close relative of Escherichia coli and Buchnera, has 237 unique genes (14% of the gene set), and the intracellular parasite Rickettsia prowazekii has 209 (25%) [7] . Furthermore, the larger of two completely sequenced Chlamydia genomes has 214 genes that are not present in the other species; 186 of these are without homology in the public databases, which indicates the dynamics within a genus of pathogens [8] .
To understand the biological diversity in the microbial world, it is essential to assign functions to these black boxes, as the unique genes in microbes encode proteins that may confer on species their unique phenotypes. In the Buchnera genome, only four unique genes were found (0.7% of the gene set) [1] , which may be explained by the fact that Buchnera does not need to be unique. As a symbiont, Buchnera is welcomed by its host and does not need to maintain genes for entry and exit of the host cell, for antigen variation and for other specific functions that pathogens need for survival and evasion of host defence systems.
The sharp contrast between parasites and symbionts is also reflected in the distribution of genes with known functions. It is well known that parasites steal as many metabolites as they can from their hosts. This is reflected in the gene set of these organisms: Rickettsia and Chlamydia have only 1% of their genes devoted to amino acid metabolism [9] . The symbiotic nature of Buchnera shapes the gene set differently: 9% of its genes are devoted to production of essential amino acids that are exported for consumption by the host. On the other hand, genes for non-essential amino acids are absent, and Buchnera is dependent on its host for supply of these amino acids. As the precursors of some of the essential amino acids are non-essential amino acids, the biosynthetic pathways for amino acids of the aphid and Buchnera are mutually dependent [1] . This co-dependence indicates a relationship where the role of Buchnera resembles that of an organelle much more than that of a pathogenic bacterium (Figure 1 ).
Before the genome era in microbiology, bacterial genomes were seen as highly stable structures. The availability of genome sequences, however, has shown that very few operons, as defined in early work on E. coli and Bacillus subtilis, are universally conserved within eubacteria [10] . From that perspective, it is exciting that the Buchnera genome organization shows a high degree of conservation compared to E. coli [1] . Previously, the genetic map of Buchnera was shown to be more similar to E. coli than H. influenzae [11] , and now Shigenobu et al. [1] have shown that the majority of the genes place Buchnera as a sister to a clade containing E. coli and H. influenzae. The similarity between Buchnera and E. coli is therefore most probably explained by a higher relative rate of genome rearrangements in the lineage leading to H. influenzae than in the lineages leading to Buchnera and E. coli.
The common ancestor of these three species probably had a genome similar to that of E. coli, both in size and organization. Most of the genes in the lineage leading to Buchnera became redundant immediately upon establishment of an intracellular lifestyle. During this time, the lineage underwent a rapid phase of genome reduction, probably similar to what is still ongoing in M. leprae today. This intracellular parasite has a very large fraction of pseudogenes in various stages of degradation [5] . Surprisingly, this rapid genome degradation did not lead to genome rearrangements in the Buchnera lineage (Figure 1 ). Most likely, the genome of the common ancestor of all Buchnera strains already had a highly reduced genome, and subsequent genome evolution has mainly occurred by sequence divergence during the last 200-250 million years.
A deeper understanding of the forces that create and maintain operon structures in bacteria is needed, to answer the question why the Buchnera genome has maintained such an ancestral structure. Lawrence and Roth [12] proposed the 'selfish operon theory' that lateral (or Dispatch R867
Figure 1
Comparison of the evolutionary transitions from a free-living bacterium (top) to either an intracellular parasite (left) or an endocellular symbiont (right) of eukaryotic cells. N indicates the nucleus of the eukaryotic cell; P and S indicate the parasite and the symbiont, respectively. Red capital letters indicate genes and their organization in the genomes; blue capital letters indicate introduced genes. The blue arrow indicates the uptake of low molecular weight metabolites by the bacteria, and the magenta arrow indicates export of amino acids from the symbiont. The green arrow indicates putative utilization of proteins of eukaryotic origin in the symbiont. Red arrows indicate putative transfer of genetic material from symbiont to the nucleus of the host, and putative utilization of expressed proteins of bacterial origin in the symbiont.
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New genes horizontal) gene transfer might be the conservative force that keeps gene clusters for a single function together. The lifestyle of Buchnera effectively prevents influx of new genetic material from other bacteria [2] . The strong conservation of gene orders in Buchnera but not in H. influenzae, which is subject to lateral gene transfer, does not agree with the predictions of the selfish operon theory. A significant decrease in the scrambling forces in the Buchnera lineage cannot be ruled out, however; indeed, this alternative explanation is supported by the lack of repeated sequences and limited repertoire of genes for DNA repair and recombination in Buchnera [1] .
Several genes expected to be found in a bacterial genome are absent from the Buchnera genome; this is true, for example, of genes coding for phospholipid synthesis. The symbiont also has an unusually small fraction of genes coding for transporters and cell surface proteins generally [1] . This suggests an interesting evolutionary scenario: these functions, at least partly, may be encoded in the aphid nucleus. As Shigenobu et al. [1] mention, the symbiont has an opportunity to use more than low molecular weight metabolites of the host cell. Proteins present in the host cell cytosol may also be used by the symbiont, possibly facilitated by a protein transport machinery analogous to the system used in mitochondria [13] (Figure 1 ). If host proteins are used directly in the bacterial membranes, or are successfully imported across the membranes, it would allow inactivation of the homologous genes in the symbiont genome. This would explain the unexpected absence of several genes in the Buchnera genome.
In organelles, this mode of evolution has been taken one step further: genes are transferred from the organelle to the nucleus, and the gene products are imported back to the organelle. The transfer of genetic material is an ongoing process, both in chloroplasts [14] and mitochondria [15] . The vertical transmission of Buchnera through the egg of the aphids certainly suggest that such gene transfer could happen for this symbiont, while it is hard to image the selective forces that would make such a transfer possible for parasites (Figure 1 ). It will be intriguing to determine both the coding and evolutionary origin for the transport proteins used in the bacterial membranes. If evidence accumulates for a transport process allowing the utilization of host nucleus-encoded proteins in the Buchnera cell, can we still call it a bacterium, or should we think of it as an amino-acid-producing organelle of aphids?
